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Abstract Electro-hydraulic servo valve is a typical complicated multi-domain system constituted by
mechanical, electric, hydraulic and magnetic components, which is widely used in electro-hydraulic
servo systems such as construction machinery, heavy equipment, weapon and so forth. The
traditional method of modeling and simulation of servo valve is based on block diagram or signal
ﬂow, which cannot describe the servo valve system from components level nor be used in modeling
and simulation of overall servo systems. In the procedure of traditional method, computational
causality must be involved in modeling of servo valve, which is inconvenient to execute modiﬁcation
on components or parameters. Modelica is an object-oriented modeling language which is suited
for large, complex, heterogeneous and multi-domain systems. The key features of Modelica are
multi-domain, object-oriented and non-causal, which are suitable for modeling of servo valve and
make the model readable, reusable, and easy to modify. The simulation results show similar
curves with traditional method. This new servo valve modeling and simulation method can pro-
vide the engineers a more eﬃcient way to design and optimize a servo valve and an overall servo
system. c© 2012 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1206307]
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Electro-hydraulic servo valve is a key component of
electro-hydraulic servo system, which is used as an in-
terface connecting electric part and hydraulic part in
the overall servo system. Servo valve can transform the
low power input electric signal into the high power me-
chanical signal. Then the pressure and ﬂow rate of the
hydraulic actuator connecting to this servo valve can
be determined.1 The output ﬂow rate of servo valve
and the displacement of spool are approximately lin-
ear when the pressure of oil source and hydraulic load
are certain. The performance of servo valve is deter-
mined by the dynamic response of spool displacement
versus input current, therefore the displacement of spool
is chosen as the interesting ﬁnal output to investigate
the modeling of servo valve. The basic structure is il-
lustrated in Fig. 1.
The working principle of servo valve1 is described
below: the equivalence of magnetic bridge in torque
motor is broken because of the extra magnetic poten-
tial produced by the control current through the coil,
and the magnitude of electromagnetic force in the air
gaps change simultaneously, which forces the armature
to rotate in order to recover equivalence of magnetic
bridge. The rotation of the armature leads to the dis-
placement of the nozzle ﬂapper, so that the space of
the nozzle increases at one side, and decreases at the
other side. The broken hydraulic bridge causes pres-
sure gradient at both ends of the spool and pushes it
to move, and the movement of spool generates feedback
a)Email: liming.vsn@sjtu.edu.cn.
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Fig. 1. Nozzle-ﬂapper electro-hydraulic servo valve.
moment through the feedback lever acting on the arma-
ture. When the moment produced by electromagnetic
forces and the feedback moment are balanced, the servo
valve system reaches the status of dynamic equilibrium,
the displacement of the spool is certain related to the
input control current.
The dynamic response of servo valve is an important
reference in the design of servo system. The traditional
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Fig. 2. Traditional control block diagram method of servo
valve modeling.
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Fig. 3. Model decomposition and building of object-oriented
modeling.
modeling method of servo valve is based on control block
diagram or signal ﬂow,2,3 as shown in Fig. 2. This
method has been proved to be an appropriate method,
however, it can not reﬂect the basic operating principle
and mathematical model from the component level; the
causality of each quantity must be taken into consider-
ation; and modiﬁcation, replacement and reuse of the
components are inconvenient.
Servo valve system is a typical multi-domain hier-
archical system. Multi-domain means that servo valve
system contains components belonging to mechanical,
electric, hydraulic, magnetic and control domains. “Hi-
erarchical” means that the servo valve system can be
decomposed into several subsystems such as torque mo-
tor, nozzle ﬂapper, spool and feedback lever, further-
more, each subsystem can also be decomposed into ba-
sic components from each domain. This characteristic is
suitable for object-oriented modeling method, the pro-
cedure of which is illustrated in Fig. 3.
Considering the characteristics of servo valve model-
ing above, the language of Modelica is selected to model
and simulate the servo valve system. Modelica is an
object-oriented language for modeling of large, complex
and heterogeneous physical systems, which have the
characteristics of multi-domain, non-causal and object-
oriented.4 Modelica is ﬁrstly proposed in the doctoral
thesis of Elmqvist5 and developed by the nonproﬁt or-
ganization Modelica association. DASSL6 and other
algorithms are selected as the algorithm to solve the
complicated system described by diﬀerential equations,
algebra equations and discrete equations. Modelica has
been widely used in engineering ﬁeld.7–10 In this paper,
Table 1. Flow and potential variables of each domain.
Flow/unit Potential/unit
Translation Force f/N Displacement s/m
Rotation Torque M/(N ·m) Angle θ/rad
Electric Current i/A Voltage U/V
Magnetic Flux φ/Wb Potential F/A
Hydraulic Flow q/(m3 · s−1) Pressure p/Pa
TMechL   RmechL  ElecP   MagP    HydreL
TMechL   RmechL  ElecP   MagP HydreR
Fig. 4. Interfaces of each domain.
MWorks11 is chosen as the software platform, which is
developed by Tongyuan Co., Ltd. with completely in-
dependent intellectual property rights.
Traditional multi-domain modeling method requires
users to decouple subsystems from diﬀerent domains,
and interfaces between software should also be devel-
oped in order to recouple the simulation results of each
domain. Modelica surmounts the disadvantages of the
traditional method. In the standard library of Modelica,
there are electric, mechanics, heat transfer and control
block packages, which can be used in the construction
of multi-domain system. On the other hand, some non-
proﬁt organizations or commercial companies develop
some libraries which are not included in the standard
library. These packages can be used by purchasing it or
downloading it freely. Users can also develop their own
packages to fulﬁll their requirement. In this paper, li-
braries such as Modelica Standard, Hylib and Magnetic
are brought in, and several user-deﬁned components are
developed by the authors.
Generalized Kirchhoﬀ’s law is the fundamental
principle of modeling using Modelica. The basic prin-
ciple of this law can be elaborated that the potential
variables are equal and the sum of ﬂow variables is zero
at the connecting node. Servo valve system contains
mechanical (translational and rotational), electric, mag-
netic, hydraulic and control domains. Control blocks
are causal, and other ﬁve domains satisfy generalized
Kirchhoﬀ’s law. The selection of potential variables and
ﬂow variables of each domain is shown in Table 1.
In order to fulﬁll the requirements of ﬁve domains
above, Modelica Standard, Hylib and Magnetic libraries
are chosen for modeling of servo valve. The interfaces of
each ﬁeld are illustrated in Fig. 4, from left to right there
are interfaces of translational mechanics, rotational me-
chanics, electric, magnetic and hydraulic domains.
Because of the particularity of servo valve, several
user-deﬁned components are required to be developed
except for the basic components in Modelica Standard,
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Fig. 6. Equivalent magnetic bridge in torque motor.
Hylib and Magnetic packages. The user-deﬁned compo-
nents, air gap, nozzle ﬂapper and rotation-translation
interface are shown in Fig. 5.
Air gap is the interface between translational me-
chanic and magnetic domains. Nozzle ﬂapper is the
interface between translational mechanic and hydraulic
domains. The basic equations of them will be discussed
later. Deﬁne the transformation length of rotation-
translation interface as l, the displacement and angle,
force and moment satisfy Eqs. (1) and (2) respectively.
s = θ · l, (1)
M = f · l. (2)
According to the modeling procedure of Modelica,
the subsystems like torque motor, nozzle ﬂapper, spool
and feedback lever are constructed by components se-
lected and developed, which are discussed here.
In subsystem of torque motor, there exists an equiv-
alent magnetic bridge which dominates the behavior of
torque motor. The equivalent magnetic bridge is illus-
trated in Fig. 6, herein: 1 is permanent magnetic po-
tential; 2 is magnetic potential generated by coils; 3 is
air gap.
The magnetic ﬂux ϕ between armature and sta-
tor keeps unchanged when there is no control current
through the coils. When control current goes through
the coils and generates magnetic potential, magnetic
ﬂux ϕ changes, so that the magnetic force
F =
ϕ2
Agμ0
(3)
changes. The armature rotates due to the existence of
magnetic forces, then the reluctance
Rm =
g
Agμ0
(4)
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Fig. 8. Subsystem of armature.
alters to re-stabilize the magnetic bridge. Herein ϕ is
magnetic ﬂux; Ag is area of air gap; g is length of air
gap; μ0 is vacuum permeability.
Torque motor is divided into two subsystems, sta-
tor and armature in order to make the modeling simple
and convenient. The diagram of stator is illustrated in
Fig. 7. The subsystem contains components of perma-
nent magnet, magnetic ground, air gap and ﬁxed trans-
lation. The interfaces of translational mechanics and
magnetics are prepared in order to connect the subsys-
tem of armature.
The subsystem of armature is illustrated in Fig. 8.
In this subsystem, there are components of coil,
rotation-translation interface and other basic compo-
nents from electric and rotational mechanics domains.
The distributed load of armature is equally converted to
a lumped load, which is connected to a damping spring
restricting the rotation of armature. The subsystem of
armature is the core subsystem which is connected to
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Fig. 9. Equivalent hydraulic bridge in nozzle ﬂapper.
other subsystems by the interfaces including electrics to
control current, magnetics and translational mechanics
to stator and rotational mechanics to nozzle ﬂapper and
feedback lever.
Similar with the subsystem of torque motor, the
equivalent hydraulic bridge takes charge of the behavior
of the nozzle ﬂapper subsystem, which is illustrated in
Fig. 9, herein: 1 is power source; 2 is tank; 3 is ﬁxed
oriﬁce; 4 is settable oriﬁce (nozzle); 5 is load (spool).
The bridge is constructed by two ﬁxed oriﬁces and
two settable oriﬁces. The equation of ﬁxed oriﬁce is
q = Cd0A0
√
2 dp
ρ
, (5)
and the nozzle ﬂapper can be treated as settable oriﬁce,
which can be described by equation
q = Cdfπdf (xf0 ± xf)
√
2 dp
ρ
, (6)
herein Cdf is settable oriﬁce constant; Cd0 is ﬁxed oriﬁce
constant; df is diameter of nozzle; A0 is area of ﬁxed
oriﬁce; xf0 is stable space of nozzle and ﬂapper; xf is
displacement of ﬂapper; ρ is density of oil.
The diagram of nozzle ﬂapper is shown in Fig. 10.
The interfaces of hydraulic ﬁeld connect to oil source,
tank and spool. There is also translational interface
connected to subsystem of feedback lever in order to
achieve feedback control.
The subsystems of spool and feedback lever are
shown in Fig. 11. The subsystem of spool is con-
structed by equivalent mass and two chambers. The
hydraulic output of nozzle ﬂapper is connected to both
end of spool, which is pushed by the pressure diﬀerence
produced by nozzle ﬂapper. The translational inter-
face is connected to the feedback lever, which contains
rotation-translation interface and torsion spring. The
displacement of spool is feedback to the armature in
the form of torque so that the feedback control is im-
plemented.
The servo valve system constructed by the en-
crypted subsystems and several components is illus-
trated in Fig. 12, which is obviously hierarchical. From
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Fig. 10. Subsystem of nozzle ﬂapper.
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Fig. 11. Subsystems of spool and feedback lever.
the system diagram a conclusion can be drawn that the
modeling based on Modelica is simpliﬁed enormously,
and users can accomplish modeling and simulation by
dragging the components and subsystems into the mod-
eling space and assigning parameters to them. This
method is readable, easy to modify and reusable, and it
is a great promotion to the research and design of servo
valves.
The simulation should be carried out using servo
valve system model in Fig. 12. The most important
characteristic performance curve is the dynamic re-
sponses of input current versus displacement of the
spool. The dynamic responses with input current from
0.5 mA to 1.5 mA are illustrated in Fig. 13, from which
a conclusion can be drawn that this system is a com-
plicated nonlinear system, the input current aﬀects the
stabilization time and the maximum overshoot. When
the system reaches the steady state of 1.2 s, the dis-
placement of spool and input current can be seen as
linear, which coincides with practical situation.
One of the advantages of simulation based on Mod-
elica is that any variable of subsystems or components
can be extracted to illustrate and analyze. For example,
the ﬂow rate dynamic responses of hydraulic compo-
nents are researcher’s interesting point, the curves are
illustrated in Fig. 14.
The parameter of input current range can be de-
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Fig. 13. Dynamic responses of servo valve of diﬀerent input
current.
termined using ﬁgures like Fig. 13. However, the servo
valve can be optimized with a certain input current and
other parameters modiﬁed. For example, the rated cur-
rent of servo valve is 2 mA, but the system oscillates
heavily, and the stabilization time is too long. In or-
der to optimize the servo valve system, the stiﬀness and
damping of damping-spring connecting armature and
stator should be increased or decreased, respectively.
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Fig. 14. Dynamic responses of hydraulic components.
Table 2. Optimization of damping-spring.
Stiﬀness Damping
k/(N ·m) c/(N ·S ·m−1)
Original 2 500 200
Increase stiﬀness 4 000 200
Reduce damping 2 500 100
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Fig. 15. Optimization of servo valve.
According to Table 2, a numerical test is carried out,
and Fig. 15 shows the result curves.
From Fig. 15, it is clear that increasing stiﬀness can
decrease stabilization time and maximum overshoot,
but the input-output relationship is also changed at
the same time. There is no such problem of decreas-
ing damping. So decreasing damping is the best choice
of this optimization. The following task is to mod-
ify damping in order to get the optimum parameter of
damping.
Similarly, the area of air gaps, the number of turns
of coils and the diameter of nozzles can also be selected
as optimization variables.
This paper dedicates on modeling, simulation and
optimization of electrical-hydraulic servo valve, which is
a typical multi-domain hierarchical system. The mod-
eling, simulation and optimization are convenient and
eﬀective based on Modelica which has the character-
istics of multi-domain, non-causal and object-oriented.
This method is readable, reusable and easy to modify,
and it is a great help to engineers and researchers.
The method discussed in this paper may be not ma-
ture enough for practical usage. However, as the de-
velopment and improvement of this method, it can be
applied on both the design and optimization of electro-
hydraulic servo system, which will be a great assistance
to the engineers and researchers of electro-hydraulic
servo system.
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